Abstract Changes in temperature, precipitation, sea level, and coastal storms will likely increase the vulnerability of infrastructure across the United States. Using four models that analyze vulnerability, impacts, and adaptation, this paper estimates impacts to roads, bridges, coastal properties, and urban drainage infrastructure and investigates sensitivity to varying greenhouse gas emission scenarios, climate sensitivities, and global climate models. The results suggest that the impacts of climate change in this sector could be large, especially in the second half of the 21st century as sea-level rises, temperature increases, and precipitation patterns become more extreme and affect the sustainability of long-lived infrastructure. Further, when considering sea-level rise, scenarios which incorporate dynamic ice sheet melting yield impact model results in coastal areas that are roughly 70 to 80 % higher than results that do not incorporate dynamic ice sheet melting. The potential for substantial economic impacts across all infrastructure sectors modeled, however, can be reduced by Climatic Change (2015) 131:97-109 DOI 10.1007/s10584-013-1037 This article is part of a Special Issue on "A Multi-Model Framework to Achieve Consistent Evaluation of Climate Change Impacts in the United States" edited by Jeremy Martinich, John Reilly, Stephanie Waldhoff, Marcus Sarofim, and James McFarland. Climate Change Division, USEPA, Washington, DC, USA cost-effective adaptation measures. Mitigation policies also show potential to reduce impacts in the infrastructure sector -a more aggressive mitigation policy reduces impacts by 25 to 35 %, and a somewhat less aggressive policy reduces impacts by 19 to 30 %. The existing suite of models suitable for estimating these damages nonetheless covers only a small portion of expected infrastructure sector effects from climate change, so much work remains to better understand impacts on electric and telecommunications networks, rail, and air transportation systems. In addition, the effects of climate-induced extreme events are likely to be important, but are incompletely understood and remain an emerging area for research.
Using this consistent set of emissions and climate scenarios to evaluate impacts and assess adaptation potential for a diverse range of infrastructure types is unique -in addition, nowhere else have mitigation and adaptation as alternative and complementary policies for reducing impacts to infrastructure been jointly assessed. The remainder of the paper describes the methods and results of impact and adaptation modeling for each of the four sectors addressed, and concludes with a brief synthesis and priorities for further research.
Coastal effects
Several past efforts have characterized or quantified the effects of SLR on US coastal resources (see CCSP 2009 for a summary), but only a few of the models that have been applied are tractable for economic analyses at a national scale (Neumann et al. 2010a) , and only local or global-scale models have considered the role of mitigation policies in reducing effects of SLR (Nicholls et al. 2011; Yohe et al. 2011) . We rely on US Environmental Protection Agency's (USEPA) National Coastal Property Model (NCPM), which comprehensively examines the contiguous US coast at a detailed 150 m×150 m grid level; incorporates site-specific elevation, land subsidence, and property value data; estimates cost-effective responses to the threat of inundation; and provides economic impact results for three categories of response: shoreline armoring, beach nourishment, and property abandonment (Neumann et al. 2010b -note that inland, riparian flooding effects are addressed in a companion paper in this special issue, see Strzepek et al., Submitted for publication in this issue). Additional methodological details for this application of the NCPM are described in Online Resource 2.
The scenarios used here reflect the IGSM results for global SLR through 2100 (see Paltsev et al. 2013 ), but also incorporate adjustments to account for the omitted effect of dynamic ice-sheet melting, a potentially important factor for SLR projections (Meier et al. 2007 ). Dynamic ice-sheet melting scenarios incorporate estimates from the empirical model of Vermeer and Rahmstorf (2009) , and use as inputs the decadal trajectory of global average air temperature results from the IGSM results. The results of this adjustment are shown in Fig. 2 of Online Resource 2 -the adjustment increases SLR results that derive directly from the IGSM model by as much as a factor of 2.5 in 2100, yielding SLR estimates of about 1.4 m by 2100, but the effect of incorporating estimates of dynamic ice-sheet melting is much stronger at the end of the 21st century than in the early and mid-21st-century periods.
The cumulative undiscounted results of NCPM economic modeling over the 21st century for the scenarios that incorporate dynamic ice sheet melting are presented in Table 1 of Online Resource 2. Dynamic ice sheet melting scenario economic impact results are roughly 70 to 80 % higher than results that do not incorporate dynamic ice sheet melting. Discounting at 3 % the annual trajectory of results reduces all estimates by a factor of approximately 3 to 4 -discounting has a substantial effect because of the upward sloping trajectory of SLR scenarios, with impacts evident throughout the century but growing larger at the end of the century.
Economic analysis results for these scenarios are also presented in Fig. 1 , with the height of the bars illustrating the effects of different climate sensitivities and mitigation policies. The results show protection (as opposed to abandonment) of coastal property is the most prevalent economic response to SLR, with shoreline armoring making up a larger share of economic impacts than beach nourishment. Note that the prevalence of protection strategies may create new issues, as protection can induce additional development, which in turn can increase future vulnerability -these dynamic land development effects are well -documented (CCSP 2009) but have not been addressed in this analysis.
As expected, higher climate sensitivities, on the left side of Fig. 1 , yield higher impact estimates. Mitigation Policy 3.7 reduces damages in both the 3 and 2°C climate sensitivity runs by $68 billion ($6.2 billion discounted at 3 %), but with climate sensitivity of 6°C the benefits of this policy increase to $87 billion ($8.1 billion at 3 %). Results for the 3˚C climate sensitivity runs show that most of the benefits of mitigation policy $57 billion ($5.3 billion at 3 %) compared to $68 billion ($6.2 billion at 3 %) can be realized through Policy 4.5.
These results reflect the existing NCPM's capability to analyze threats of gradual inundation from SLR. A growing body of literature suggests, however, that the combined effect of SLR and storm surge on coastal properties may be critically important (Tebaldi et al. 2012 , Lin et al. 2012 . The effects of climate change on storm surge are two-fold: 1) changing storm frequency and severity in a given location; and 2) SLR providing a higher "launch point" for Neumann et al. (2012) with the elevation and property value estimates in the NCPM are available for two US sites: Tampa, Florida and New York City. Incorporating storm surge also requires modifying the NCPM in three ways: 1) Estimating a cumulative distribution function for location-specific storm surge; 2) Estimating a cumulative distribution function for economic damages (similar to the approach applied in Kirshen et al. 2012) ; and 3) Adding another response option (property elevation) that represents a cost-effective alternative in areas subject to episodic flooding but which are not permanently inundated. Figure 2 presents the results of incorporating storm surge at the Tampa site. The left panels illustrate the cost-effective adaptation response to SLR risks, with red areas indicating abandonment, black areas lines of armoring defense, yellow areas beach nourishment, and brown areas structure elevation. The incremental effect of dynamic ice sheet melting is shown in the bottom panels -as expected, the area of influence of SLR grows larger with dynamic ice sheet melting, and as a consequence red areas in particular are larger, but black, brown, and yellow areas also expand. A larger difference is evident when comparing the left and right panels, with the right column showing the cost effective response when storm surge is considered. In the right panels, the area of influence of the coastal threat from climate change is much larger than on the corresponding left panels, with red areas in the low elevation east bay showing great sensitivity to storm surge, and a much expanded area of armoring (in black) being justified by the potential economic damages. A similar map for New York City, shown in Figure 3 of Online Resource 2, shows less abandonment and more protection and elevation in response to risks of episodic flooding, owing to higher property values in New York City's vulnerable areas. Estimates of economic damage for the Tampa site are 15 to 20 % larger when storm surge is incorporated, and for New York City 40 to 50 % larger. As a result, the value of mitigation policy generally increases -Policy 3.7 yields estimates of avoided costs in New York City that are roughly 6 times greater than the SLR-only NCPM. New research is therefore focused on estimating the effect of storm surge on economic impacts and estimates of the value of mitigation in reducing economic impacts.
A parallel effort within the CIRA program examined the effects of SLR on socially vulnerable populations in the US ). The result is that areas which the NCPM anticipates to be abandoned have a higher percentage of socially vulnerable populations than areas likely to be protected. Further, moving from that study's high scenario (similar to the REF scenario) to that study's mid scenario (similar to Policy 3.7) substantially reduces the risk of SLR to the socially vulnerable population, and reduces areas likely to be abandoned. This work suggests that mitigation policies, such as those considered here, also have potential to enhance environmental justice objectives.
Effects on roads
Changes in temperature and precipitation patterns associated with climate change may pose both risks and opportunities for the management of the US road network. Depending on the specific changes in climate occurring in a given area, the stress imposed on roads may increase or decrease as the climate evolves over time. Chinowsky et al. (2013) present methods for quantifying these risks and estimating the corresponding adaptation costs for four effects: (1) rutting of paved roads from precipitation, (2) rutting of paved roads caused by freeze-thaw cycles, (3) the cracking of paved roads during periods of high temperatures, and (4) erosion of unpaved roads from precipitation. For each of these effects, Chinowsky et al. (2013) show how changes in climate affect road maintenance practices and road design and present an approach for estimating costs. Their approach assumes that adaptation measures will be implemented to maintain the current level of service for roads such that residual impacts (once adaptation measures are implemented) are zero. These adaptation measures include more frequent resealing to avoid rutting (effects 1 and 2 above), use of different pavement binders to avoid pavement cracking (effect 3 above), and more frequent re-grading of unpaved roads to minimize erosion impacts (effect 4 above). Depending on the nature of the changes in climate, the analysis may suggest that climate change results in a net cost or a net cost savings.
Applying the methods outlined in Chinowsky et al. (2013) , which are further described in Online Resource 3, climate change adaptation costs were estimated for the US road network. (about $300 million in 2075 discounted at 3 %) under both the Policy 3.7 and Policy 4.5 scenarios before increasing gradually to 2100. Adaptation costs under the reference case with 6°climate sensitivity grow at a similar rate as the 3°C case through 2050, but then increase at a much faster rate during the second half of the century.
The reduction in adaptation costs under the two policy scenarios relative to the reference case largely reflects the impact of lower temperatures under these scenarios and the associated cost savings for asphalt binders in paved roads. As shown in Fig. 4 , increased costs for pavement binders account for most of the adaptation costs under the reference case with 3°C climate sensitivity -these costs decline significantly under both policy scenarios. The adaptation costs in Fig. 4 also suggest that climate change will lead to a reduction in routine resealing costs, under both the reference case and the mitigation policies. This reflects the impact of increased temperatures on freeze-thaw cycles. With warmer temperatures, many areas are expected to experience fewer freeze-thaw cycles, which will significantly reduce rutting and allow state and local transport agencies to re-seal less frequently.
To gauge the sensitivity of the results generated by the Chinowsky et al. (2013) approach to the selection of GCMs, the IGSM pattern-scaled results were analyzed. Figure 3 shows the trajectory of adaptation costs under both pattern-scaled scenarios, which can be compared with the IGSM-CAM results. The results show that estimated adaptation costs for the US road network are about 50 % higher for 2025 and 2050, and about one third higher in 2075 and 2100, when comparing the "dry" GCM (MIROC) to the "wet" GCM (CCSM) ($4.7 billion for CCSM versus $3.6 billion for MIROC in the reference scenario). This holds under both the REF and policy cases, and largely reflects the impact of precipitation on unpaved roads. As shown in Figure 1 of Online Resource 3, adaptation costs related to pavement binders and resealing for paved roads are similar with both sets of IGSM pattern-scaled GCMs, but adaptation costs for unpaved roads differ significantly. With the wet GCM (CCSM), the analysis suggests an increase in costs for unpaved roads associated with more frequent regrading. Results for the dry GCM (MIROC), however, indicate climate change may lead to a cost savings for unpaved roads.
The results can also be used to estimate mitigation benefits -the REF and policy scenarios are indistinguishable in the near-term 2025 projection, but the benefits of mitigation policy grow consistently through 2100, with the annual benefits estimated at roughly $6 billion by 2100 (or about $450 million if discounted at 3 %). 
Effects on bridges
Impacts of climate change on bridge performance associated with flood vulnerability are estimated based on a published model of changes in peak river flow (Wright et al. 2012) . The model uses estimates of changes in maximum daily precipitation and results in changes in peak flow rates for the 100-year return period flood. Bridge performance during these events was estimated based on characteristics in the National Bridge Inventory Database. The results include both numbers of bridges affected and the climate change adaptation costs of maintaining the condition and level of service of the bridges at levels consistent with their current state. Although many bridges are currently vulnerable to bridge scour, the method looks only at the incremental costs of climate change to restore bridge condition in response to changes in the risk of flooding. Additional methodological details for this bridge analysis are described in Online Resource 4. Figure 1 in Online Resource 4 illustrates the vulnerability results for the bridge analysisthe map shows that climate change is estimated to, in some regions, make up to 90 % of bridges vulnerable to bridge scour (in the New Mexico and West Texas region) -these levels of vulnerability are a significant increase over the estimates of currently deficient bridges. Figure 3 in Online Resource 4 provides an estimate of the incremental number of bridges at risk from increased peak flows for the REF and two policy scenarios -as illustrated, by 2050 the policy scenarios could avoid damage to 20,000 to 40,000 bridges from peak flow, while by 2100, the cumulative effects are greater, with roughly 100,000 bridges subject to lower risks for the 4.5 policy scenario, and well over 100,000 bridges for the 3.7 policy scenario. Figure 5 provides a summary of the economic implications of these changes in bridge vulnerability. By 2100 it is less expensive to improve bridges in anticipation of climate change than in response to climate change impacts. The Policy 3.7 scenarios reduce adaptation costs by $120 to $125 billion relative to the REF scenario (or $45 to $48 billion if discounted at 3 %). 
Effects on urban drainage
Changes in storm intensity associated with climate change have the potential to overburden urban drainage systems across much of the US. In areas where storm intensity increases significantly, increased investment in urban drainage infrastructure may be necessary to prevent the exceeding of system capacity. No studies to date have presented tractable methods for assessing these effects on a national scale, as storm water modeling is typically performed at the local level (e.g., using the Storm Water Management Model (SWMM) developed by the USEPA). To inform the development of such methods, an illustrative analysis was conducted for 19 cities, demonstrating one potential approach for estimating climate change adaptation costs for urban drainage systems across the US. This analysis focuses on adaptation costs associated with changes in the 10-year, 24-h storm event to be consistent with the design criteria for much urban drainage infrastructure. Additional methodological details for urban drainage infrastructure analysis are described in Online Resource 5.
There is great heterogeneity among cities with respect to their urban drainage systems, but for this assessment we employ a generic impact assessment approach intended to be applicable to any city in the US. The primary components of this approach are as follows: & Assuming that the capacity of each city's system is sufficient to manage runoff from the baseline (without climate change) 10-year, 24-h storm event. & Estimating the change in rainfall associated with the change in the 10-year, 24-h storm event, which is then converted to an estimated change in runoff based on city-specific runoff coefficients. These coefficients are a function of imperviousness based on the approach in Maidment (1993) . & Estimating costs for cities to respond to a more severe 10-year, 24-h storm based on cost data from USEPA (1999) for a range of urban stormwater management measures, with upfront capital of approximately $1.52 per cubic foot, and annual O&M cost of $0.08 per cubic foot. Figure 6 presents the estimated adaptation costs for urban drainage in 16 of the 19 cities analyzed based on climate projections for the year 2050. For more than half of the cities, Fig. 6 shows that costs are highest under the REF scenario and lowest under one of the policy scenarios, suggesting that mitigation policy reduces climate change adaptation costs. In some cities, however, adaptation costs are projected to increase under at least one of the mitigation scenarios. The results also show significant variation in adaptation costs across cities, reflecting differences in projected storm intensities, imperviousness, and land area. For example, estimated adaptation costs in the REF case are highest in Chicago, where rainfall from the 10-year, 24-h storm is projected to increase by 40 % and where approximately 59 % of the land surface is impervious. Both the rainfall increase and the portion of impervious surfaces in Chicago are among the highest of the cities analyzed. Figure 6 also shows no projected adaptation costs for two of the cities (Miami and San Francisco) under any of the three scenarios. In both of these cities, the 10-year, 24-h storm is projected to be less intense all three climate change scenarios than with no change in climate.
Synthesis and conclusions
The results reported here reinforce prior work about the relative role of adaptation and mitigation policy in the coastal sector (Yohe et al. 2011; Nicholls et al. 2011) , characterized by high potential impacts and cost-effective adaptation, and extend those findings to non- coastal sectors. The important story, however, is that mitigation policy provides a steady stream of avoided costs for all four of the infrastructure sectors evaluated here. In the noncoastal infrastructure sectors (roads, bridges, drainage), impacts are most sensitive to precipitation forecasts as well as precipitation and runoff variability, and mitigation policies play a clear role in reducing impacts. Table 1 provides a summary of impacts for the IGSM-CAM REF and policy scenarios, and displays avoided costs that accrue from GHG mitigation. The four sector models differ in their approach and report impacts and adaptation costs on different time scales, but all four rely on a common fundamental structure -identify vulnerable infrastructure from the capital stock, develop a stressor-response relationship to estimate impacts, and identify and apply costeffective adaptation measures to reflect the net results of reasonable autonomous adaptation responses to stressors. This common framework allows for aggregation. Mitigation Policy 3.7 yields more than $460 billion in cumulative avoided costs through 2100, representing over 35 % of the total REF scenario impacts for these four sectoral analyses -discounting at 3 % reduces the cumulative avoided costs to $92 billion, representing over 25 % of the total REF scenario discounted impacts. Avoided costs for Policy 4.5 are less, but still represent about 30 % of REF scenario impacts (undiscounted) or about 19 % if estimates are discounted at 3 %. The greatest potential for avoided costs is in the roads sector, which accounts for more than half of the total avoided costs. Note that all the impact estimates in the infrastructure sector incorporate adaptation -and the results here demonstrate both that adaptation strategies are important and likely to be costly, but also that adaptation plans for infrastructure sectors ideally require advance planning and optimization for a broad range of future climates (Neumann and Price 2009; Larsen et al. 2008) .
Nonetheless, the current coverage of infrastructure impacts by these models omits the potentially important rail, public transit (e.g., subways), and energy and communications distribution networks. In addition, the climate impacts modeled do not include change in Sums and differences may be affected by rounding climate variability, in particular they omit consideration of much more intense extreme events. However, as illustrated by the storm surge modeling, there is a trend to address these effects more systematically. The top priorities for new research therefore include expanding the sectoral and climatic scope of the models; exploring the likelihood of cascading infrastructure effects, whereby failure in one sector (e.g. flood protection) will lead to failures in other sectors (e.g., roads, bridges, and drainage); integrating the results of these studies in macroeconomic models, to capture the indirect economic effects of diverting GDP-enhancing capital investments toward climatedefensive infrastructure; and considering other indirect effects, such as business and transportation interruption effects associated with infrastructure failure, including from extreme events.
